Abstract. The activation of mammalian target of rapamycin (mTOR) has been reported in tumor development, but the role of mTOR in colorectal carcinomas remains unclear. The aim of the present study was to investigate the significance of mTOR and its downstream effector 70 kDa ribosomal protein S6 kinase (P70S6K) in human colorectal carcinomas. The phosphorylated (p-)mTOR and p-P70S6K proteins were examined by immunohistochemistry performed on tissue microarray containing tissue samples obtained from colorectal carcinoma (n=111), adenomatous polyps (n=40) and normal colonic mucosa (n=40), with a comparison between the expression of these proteins and the clinicopathological parameters of patients with carcinomas. The positive expression rates of p-mTOR and p-P70S6k were 60.4 and 65.8%, respectively, in colorectal carcinoma tissue, which was significantly increased compared with the tissue from adenomatous polyps (27.5 and 20%, respectively) and normal colonic mucosa (10.0 and 5.0%, respectively) (P<0.05). Overexpression of the p-mTOR and p-P70S6K proteins was significantly associated with the tumor-node-metastasis stage, the occurrence of distal and lymph node metastasis and the degree of differentiation. Aberrant expression of p-mTOR and p-P70S6K may contribute to the pathogenesis, growth, invasion and metastasis of colorectal carcinoma. The phosphorylation of these proteins was considered to be a promising marker to indicate the aggressive behaviors and prognosis of colorectal carcinomas. The overexpression of the mTOR/P70S6K signaling pathway may play an important role in colorectal carcinoma carcinogenesis. The expression of p-mTOR and p-P70S6K was considered as a promising marker to indicate the aggressive behaviors and prognosis of human colorectal carcinomas.
Introduction
Cancer is the leading cause of mortality in economically developed countries and is the second leading cause of mortality in developing countries. The burden of cancer is increasing in economically developing countries as a result of population aging and growth, in addition to an increasing adoption of cancer-associated lifestyle choices, including smoking, physical inactivity and a Western diet (1) . Based on the GLOBOCAN 2008 estimates (2), ~12.7 million cancer cases and 7.6 million cancer-associated mortalities are estimated to have occurred in that year. Of these, 56% of the cases and 64% of the mortalities occurred in the economically developing world (2) . Colorectal cancer is the third most commonly diagnosed cancer in males and the second most commonly diagnosed cancer in females, with >1.2 million novel cancer cases and 608,700 mortalities estimated to occur each year. Despite considerable advances in modern therapeutic strategies, the overall survival time of patients undergoing complete resection of carcinomas is short (3) . Therefore, clarification of the molecular mechanisms of colorectal carcinoma and the identification of a good biomarker to indicate the carcinogenesis and subsequent progression of the carcinoma is of considerable significance for the prevention, treatment and evaluation of prognosis of this disease. A potential candidate biomarker for colorectal carcinoma is mammalian target of rapamycin (mTOR), a serine/threonine protein kinase that plays a key role in regulating important cellular functions, including cell proliferation, growth, survival and mobility, and angiogenesis (4) (5) (6) (7) (8) (9) (10) (11) . In several non-colorectal tumors, the activation of the mTOR pathway and overexpression of the mTOR protein are associated with an increasingly aggressive clinical course, and have been reported to be useful for targeted therapy (12) (13) (14) . In the present study, the role of the mTOR/70 kDa ribosomal protein S6 kinase (P70S6K) signaling pathway in the stepwise development of colorectal Immunohistochemistry. The resected specimens were fixed in 10% formalin, cut into 4-mm thick slices and mounted onto adhesive-coated slides. The slides were deparaffinized in xylene twice for 10 min and rehydrated through descending concentrations of ethanol. Antigen retrieval was performed in 0.01 mol/l citrate buffer (pH 6.0) for 2 min and 30 sec at 100˚C, using a microwave oven. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxidase for 10 min. Subsequent to washing with phosphate-buffered saline (PBS), the sections were incubated with blocking serum for 1 h. The p-mTOR and p-P70S6K proteins were detected using primary polyclonal rabbit antibodies against p-mTOR and p-P70S6K, respectively. Specimens were incubated with the primary antibody overnight at 4˚C. Using an Olympus microscope (Olympus, Tokyo, Japan), the protein expression was evaluated by three pathologists that were blinded to the clinical data of the patients, and the values were then averaged. Tissues that scored between 9 and 12 were defined as exhibiting a preserved or strong staining pattern (++), 5-8 was defined as a weak staining pattern (+) and 0-4 was defined as markedly reduced or no expression (-). In particular, under-expression was defined as no staining, or positive staining in the tumor tissue that was decreased compared with the matched normal tissue. Normal expression was defined as positive staining that was similar to the matched normal tissue, and over-expression was defined as positive staining that was increased compared with the matched normal tissue.
Reverse transcription-polymerase chain reaction (RT-PCR).
The one-step RT-PCR system (Thermo Fisher Scientific, Pittsburgh, PA, USA) was used to isolate the RNA from tissues. The primer sequences used were as follows: mTOR sense, 5'-CTGGGACTCAAATGTGTGCAGTTC-3' and antisense, 5'-GAACAATAGGGTGAATGATCCGGG-3'; and P70S6K sense, 5'-TACTTCGGGTACTTGGTAA-3' and antisense, 5'-GATGAAGGGATGGTTTACT-3'. A 302-bp β-actin fragment was amplified as an internal control. The primers used for β-actin were as follows: forward, 5'-TCCTCCCTGGAGAAGAGCTA-3' and reverse, 5'-TCA GGAGGAGCAATGATGTTG-3'. Subsequent to denaturation by heating at 95˚C for 1 min the samples were exposed to 30 cycles (β-actin, 25 cycles) at 95˚C for 30 sec, 60˚C for 30 sec and 68˚C for 90 sec, with a final extension at 68˚C for 10 min.
Western blot analysis. Whole-cell lysates were prepared from human colorectal cancer or normal colorectal tissue specimens. Standard western blotting was performed using primary polyclonal rabbit anti-mouse p-mTOR Table I . Expression of p-mTOR in adenocarcinomas, adenomatous polyps and normal mucosa. Table I , four out of 40 normal colonic mucosa tissues (10.0%) demonstrated weak p-mTOR expression. By contrast, p-mTOR was weakly to moderately expressed in 11 out of 40 tissues samples from adenomatous polyps (27.5%) and over-expressed in 67 out of 111 colorectal adenocarcinoma tissue samples (60.4%) 
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Additional analysis indicated that the p-mTOR and p-P70S6K proteins were overexpressed in the primary tumor tissue compared with the normal colorectal tissue. The scores for p-mTOR and p-P70S6K expression in adenocarcinomas were significantly higher compared with the normal mucosa (P<0.05) (Fig. 2) . The results from RT-PCR also indicated that the mRNAs for p-mTOR and p-P70S6K in colorectal adenocarcinomas were significantly higher compared with the normal tissues (Fig. 3) . In addition, western blot analysis indicated that the expression of the p-mTOR and p-P70S6K proteins was significantly higher in adenocarcinoma tissues compared with normal tissues (Fig. 4) .
Association between the expression of p-mTOR and p-P70S6K
and clinicopathological characteristics of colorectal adenocarcinoma. By evaluating the clinical significance of p-mTOR and p-P70S6K overexpression, it was found that overexpression of the p-mTOR protein was significantly associated with the TNM stage (P<0.001), occurrence of lymph node metastasis (P=0.021), occurrence of distant metastasis (P=0.029) and degree of differentiation (P=0.006) in colorectal adenocarcinoma tissues. In addition, p-P70S6K overexpression was also associated with the TNM stage (P<0.001), incidence of lymph node metastasis (P<0.001), occurrence of distant metastasis (P=0.034) and degree of differentiation (P=0.002) in colorectal adenocarcinoma (Table III) . Immunohistochemical staining in normal colonic mucosa, adenomatous polyps and colorectal adenocarcinoma tissue samples. Strong staining for p-mTOR was observed in the cytoplasm, while p-P70S6K was strongly expressed in the cytoplasm and nucleus. p-mTOR expression was observed in normal colonic mucosa, adenomatous polyps and colorectal adenocarcinomas, whereas the p-P70S6K protein was immunoreactive in non-neoplastic mucosa, adenoma and carcinoma. p-mTOR, phosphorylated mammalian target of rapamycin; p-P70S6K, posphorylated 70 kDa ribosomal protein S6 kinase. 
A B Discussion
mTOR is a serine/threonine kinase that is involved in multiple intracellular signaling pathways, promoting tumor growth. In the presence of sufficient nutrients, mTOR is phosphorylated through the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway, resulting in the transmittance of a positive signal to P70S6K, and therefore participates in the inactivation of the eukaryotic translation initiation factor 4E inhibitor. The PI3K/Akt/mTOR signaling pathway, in particular, is frequently altered in non-colorectal cancers, including gastric cancer (16), biliary tract adenocarcinoma (17), pancreatic ductal adenocarcinoma (18), lung carcinoma (19) , urinary bladder carcinoma (20) , prostate cancer (21), cervical carcinoma (22) , breast cancer (23) and renal cell carcinoma (24) . Activated p-mTOR has been demonstrated to be associated with tumors in numerous cancer tissues. It has been found that the expression of the p-mTOR protein is elevated in extrahepatic cholangiocarcinoma (25) and the expression of the p-P70S6K protein is increased in high-grade squamous intraepithelial lesions and cervical squamous cell carcinoma compared with the normal cervical epithelium (22) . In the present study, the rate of the positive expression of p-P70S6K and p-mTOR was detected to be significantly higher in colorectal cancer tissues compared with normal tissues. Furthermore, the p-P70S6K and p-mTOR expression levels were found to be higher in colorectal adenocarcinoma tissue samples compared with normal colonic mucosa, which indicates that activated mTOR is highly associated with colorectal cancer and plays a key role in tumor carcinogenesis. It has been suggested that the expression of p-P70S6K and p-mTOR is associated with various clinicopathological variables in certain non-colorectal tumors. For example, Yu et al reported that overexpression of the mTOR protein was significantly associated with tumor differentiation, T1 and 2 tumors and stage I-III disease, whereas p-mTOR overexpression was significantly associated with the occurrence of lymph node metastasis and all stages of disease (26) . Wang et al reported that the expression of mTOR and p-mTOR may play an important role in colorectal carcinogenesis, with an association between the expression of mTOR and the degree of differentiation, invasiveness and metastatic ability of the lesions (27) . No et al found that the expression of mTOR was highly associated with old age and menopausal status, but not with other clinicopathological characteristics (28). Dobashi et al identified that the p-mTOR expression in lung adenocarcinoma specimens was associated with the grade of histological differentiation, whereas the expression of p-mTOR was associated with lymph node metastasis in squamous cell carcinoma specimens (19) . Although Herberger et al (17) found that p-mTOR was expressed in 56 out of 88 biliary tract carcinoma samples, no association was identified between the expression and any clinicopathological variables. However, the expression did predict the survival time of the patients (17) .
Activation of P70S6K is achieved through the phosphorylation of multiple serine/threonine residues by stimulation with growth factors, including epidermal growth factor, thrombin and lysophosphatidic acid (29, 30) . Li et al reported that the expression of p-P70S6K was found to be inversely associated with the tumor size, depth of invasion, lymph node metastasis and Union for International Cancer Control staging when the aggressive behaviors of carcinoma were compared with nuclear p-P70S6K expression (31). Zhang et al (32) identified that the expression level of p-mTOR and p-ribosomal protein S6 kinase β 1 (RPS6KB1) was significantly higher in NSCLC tumor specimens compared with adjacent non-cancerous normal lung tissues. In this study, a high expression level of p-mTOR or p-RPS6KB1 in NSCLC was associated with a shorter overall survival time, and multivariate analysis indicated that a high level of p-mTOR expression was an independent prognostic factor in patients with NSCLC (32) . In the present study, it was found that overexpression of the p-P70S6K and p-mTOR proteins was significantly associated with the degree of differentiation, occurrence of distant metastasis, TNM stage and occurrence of lymph node metastasis. These findings suggest that the mTOR signal pathway performs an important role in colorectal tumorigenesis. To the best of our knowledge, the present study is the first to investigate the association between p-mTOR and p-P70S6K overexpression in colorectal cancer tissues and the clinicopathological characteristics of colorectal cancer patients. The present results also indicated that the mTOR signaling pathway was frequently activated and that overexpression of mTOR may be an important step in the carcinogenesis and progression of human colorectal cancer.
At present, it is hypothesized that targeting mTOR with small interfering (si)RNA may inhibit the proliferation of cancer cell proliferation. Ji et al reported that targeting the expression of p-mTOR with specific siRNA reduced the growth and overall survival rate of Hela cervical cancer cells in vitro (33) . The present study also indicates that downregulating the mTOR signaling pathway may be a promising novel molecular target for designing novel therapeutic strategies to control colorectal cancer. This hypothesis is supported by a previous study that reported targeting mTOR complex 2 inhibits colon cancer cell proliferation in vitro and tumor formation in vivo (34) . In summary, the present study indicated that p-P70S6K and p-mTOR are overexpressed in human colorectal carcinoma, and also indicated that the overexpression of p-P70S6K and p-mTOR is associated with certain clinical characteristics. This suggests that p-P70S6K and p-mTOR may play a important role in colorectal cancer and may be employed to indicate the biological behaviors of colorectal carcinoma in clinicopathological practice.
